In holometabolous insects such as mosquito, Aedes aegypti, midgut undergoes remodeling during metamorphosis. Insect metamorphosis is regulated by several hormones including juvenile hormone (JH) and 20-hydroxyecdysone (20E). The cellular and molecular events that occur during midgut remodeling were investigated by studying nuclear stained whole mounts and cross-sections of midguts and by monitoring the mRNA levels of genes involved in 20E action in methoprene-treated and untreated Ae. aegypti. We used JH analog, methoprene, to mimic JH action. In Ae. aegypti larvae, the programmed cell death (PCD) of larval midgut cells and the proliferation and differentiation of imaginal cells were initiated at about 36 h after ecdysis to the 4th instar larval stage (AEFL) and were completed by 12 h after ecdysis to the pupal stage (AEPS). In methoprene-treated larvae, the proliferation and differentiation of imaginal cells was initiated at 36 h AEFL, but the PCD was initiated only after ecdysis to the pupal stage. However, the terminal events that occur for completion of PCD during pupal stage were blocked. As a result, the pupae developed from methoprene-treated larvae contained two midgut epithelial layers until they died during the pupal stage. Quantitative PCR analyses showed that methoprene affected midgut remodeling by modulating the expression of ecdysone receptor B, ultraspiracle A, broad complex, E93, ftz-f1, dronc and drice, the genes that are shown to play key roles in 20E action and PCD. Thus, JH analog, methoprene acts on Ae. aegypti by interfering with the expression of genes involved in 20E action resulting in a block in midgut remodeling and death during pupal stage.
Introduction
Insect metamorphosis is regulated by interplay between two hormones, ecdysteroids and juvenile hormones. Both the biological and molecular actions of ecdysteroids are well studied. Although the biological actions of juvenile hormone (JH) are well known, the molecular action of JH remains unclear. Numerous studies showed that JH affects gene expression in a number of insects (Venkataraman et al., 1994; Hirai et al., 1998; Feng et al., 1999; Dubrovsky et al., 2000; Zhou and Riddiford, 2002) . One major event occurring during larval-pupal transition is the activation of gene expression by the steroid hormone, 20-hydroxyecdysone (20E), in the absence of JH. 20E activates the genes that regulate metamorphosis in a hierarchical fashion.
20E functions through a heterodimer of two nuclear receptors, the ecdysone receptor (EcR) and ultraspiracle (USP) (Koelle et al., 1991; Yao et al., 1992) . In Aedes aegypti, two isoforms of EcR (EcRA and EcRB,) and two isoforms of USP (USPA and USPB) have been reported (Cho et al., 1995; Kapitskaya et al., 1996) . EcR/USP complex binds to 20E and induces the expression of a small set of early genes, E75 (encodes members of nuclear receptor superfamily) (Segraves and Hogness, 1990) , E74 (encodes members of ETS family of DNA binding proteins) (Burtis et al., 1990) and broad complex (BR-C, encodes zinc finger proteins) (DiBello et al., 1991) . In Ae. aegypti, three isoforms of E75 (E75A, E75B and E75C) (Pierceall et al., 1999) , two isoforms of E74 (E74A and E74B) (Sun et al., 2002) and four isoforms of BR-C (BRZ1, BRZ2, BRZ3 and BRZ4) (Chen et al., 2004) have been identified.
The products of early genes induce the expression of a large set of late genes or effector genes and at the same time repress the expression of early genes. The products from effector genes execute the metamorphic changes such as programmed cell death (PCD) of most of the larval tissues, growth and differentiation of imaginal cells that will form the adult tissues. Involvement of ecdysone-regulated early gene, E93, in PCD of larval salivary glands of Drosophila melanogaster has been reported . This gene along with other early genes such as, brc, E74, E75 activate the cell death initiators like rpr, hid, ark, which in turn trigger the caspase mediated PCD in larval salivary glands and midguts in D. melanogaster (Jiang et al., 1997; Baehrecke, 2000 Baehrecke, , 2002 . Caspases are the main components of core cell death machinery and are involved in elimination of the larval tissues during larval-pupal metamorphosis. They induce proteolytic events that lead to DNA fragmentation and apoptosis (Remillard and Yuan, 2004) . In D. melanogaster, three initiator caspases (DCP-2/DREDD, DRONC and Strica/Dream) and four effector caspases (DCP-1. DRICE, DECAY, Damm/Daydream) have been identified (Richardson and Kumar, 2002) . Of these, the potential role of DRONC and DRICE in regulating the PCD in larval salivary glands and midguts of D. melanogaster has been studied (Cakouros et al., 2002 Dorstyn et al., 1999; Daish et al., 2003 Daish et al., , 2004 . Thus a plethora of genes are involved and regulated by ecdysone in the absence of JH to carry out metamorphic changes. JH influence on the modulation of these ecdysone-mediated gene expression is of great importance to understand these metamorphic events at molecular level. Some of the effects of early gene expression by JH have been studied in larval salivary glands, central nervous system and muscles of D. melanogaster (Restifo and Wilson, 1998) , epidermis of Manduca sexta (Zhou et al., 1998) and midguts of Ae. aegypti (Nishiura et al., 2005) .
Midgut metamorphosis includes formation of pupal/ adult midguts through the proliferation and differentiation of imaginal diploid/regenerative/stem cells, and programmed cell death and removal of larval midgut cells. The PCD of larval midgut cells as well as proliferation and differentiation of stem cells to form pupal/adult midgut, the two major events that occur during midgut metamorphosis in mosquitoes have been well documented (Berger, 1938; Nishiura, 2002; Nishiura et al., 2003; OBrien, 1965 OBrien, , 1966 Richins, 1938 Richins, , 1945 . Nishiura et al. (2003) showed that methoprene interferes with midgut remodeling during mosquito metamorphosis. Methoprenetreated larvae of Ae. aegypti and Culex quinquefasciatus pupated, but the midguts in the pupae developed from treated larvae were morphologically similar to larval midguts. While low doses of methoprene affected only PCD, high doses of methoprene affected both PCD and adult midgut formation in Ae. aegypti. In Ae. aegypti, methoprene treatment blocked the increase in mRNA levels of Ae. aegypti hormone receptor 3 (AaHR3), AaE75B, AaEcRB, AaUSPA and AaFTZ-F1 during the final instar larval stage (Nishiura et al., 2005) .
Numerous analogs of JH (JHAs) are used for controlling a wide-range of pests including mosquitoes, white flies, fleas etc. The major effect of these compounds appears to be disruption of embryogenesis and metamorphosis. Because of the latter effect, JHAs are most effective in controlling insects that are considered pests in the adult stage. For example, a juvenile hormone analog, methoprene, has been used for controlling mosquitoes and other pests belonging to order Diptera over the past 30 years (Mulla, 1995) . In these insects, methoprene induces various morphogenetic and developmental abnormalities resulting in their death during or immediately after metamorphosis (Mulla, 1995) .
Although several JHAs are commercially used for controlling several insect pests, we still do not fully understand how these analogs act at the molecular level. Natural JHs and their analogs were shown to induce a rise in the mRNA levels of juvenile hormone esterase in lepidopteran insects such as Trichoplusia ni (Venkataraman et al., 1994) and of the jhI-1 and jh1-26 genes in D. melanogaster (Dubrovsky et al., 2004) . Mosquitoes are highly sensitive to methoprene (LD 50 is about 1PPB or less), but it is still not clear whether methoprene causes mosquito mortality by mimicking JH action. Mosquitoes are susceptible to methoprene during larval stage and the sensitivity of mosquitoes to methoprene gradually increases during larval development, mosquito larvae are most sensitive to methoprene at 10-30 h before the pupal molt (Georghiou and Lin, 1974) . When Culex pipiens and Anopheles stephensi were exposed to methoprene, the effects were observed in pupae and adults but not in larvae (Raj et al., 1978) . However, methoprene was shown to be toxic to Culex molestus larvae (Farghal and Temerak, 1981) . It is not clear whether these contradictory results are due to different species of mosquitoes or different doses of methoprene used in these experiments. In Ae. aegypti, methoprene was shown to inhibit follicle maturation (Judson and de Lumen, 1976) . Methoprene was also shown to rescue JH III activation of previtellogenic fat body nucleoli for ribosomal RNA production in allatectomized Ae. aegypti adults (Raikhel and Lea, 1990) . Although these studies point to a JH-mimicking activity of methoprene, its exact mode of action remains poorly understood.
In this study, we used JH analog, methoprene to mimic the effect of JH in modulating the ecdysone-mediated gene expression during midgut remodeling. The data presented here show that a majority of Ae. aegypti larvae treated with methoprene die during the pupal stage. Methoprenetreated larvae develop and undergo ecdysis into the pupal stage and these pupae showed external morphology similar to the pupae developed from untreated larvae. However, the midguts of pupae developed from methoprene-treated larvae are quite different from the midguts in pupae developed from untreated larvae. In methoprene-treated larvae, proliferation and differentiation of diploid cells were initiated in the pharate pupal stage resulting in the formation of new pupal/adult midgut epithelium soon after ecdysis into the pupal stage. Although the PCD was initiated in methoprene-treated larvae during the pupal stage, the separation of inside larval midgut epithelium from the outside pupal/adult midgut epithelium was not completed. As a result, the pupae developed from methoprene-treated larvae contained two midgut epithelial layers (larval and pupal/adult) until they died during the pupal stage. Quantitative real-time PCR was used to monitor mRNA levels of ecdysone receptors, ecdysone-induced transcription factors and other genes known to be involved in PCD in normal and methoprene-treated larvae and pupae. Our data showed that these genes are expressed in pulses that coincide with the peaks of ecdysteroids during pharate pupal and early pupal stages in untreated insects. However, in methoprene treated insects, the normal pattern of expression of these genes was disrupted and most of them continued to be expressed during pupal stage until the pupae died. These data showed that methoprene interferes with 20E action resulting in a block in degeneration of larval tissues such as midgut.
Results

Methoprene-treated larvae die during pupal stage
To determine the dose of methoprene that cause 90% mortality under our rearing conditions, we added various amount of methoprene (0.41-200 ng/ml) to water containing diet and released either newly molted 3rd instar larvae or 4th instar larvae into the treated water. The treated larvae were inspected daily and the insects that died were counted and removed. The data were grouped based on when the insects died; group 1, died during larval stage; group 2, died during larval-pupal ecdysis (larval-pupal ecdysis was attempted but not completed); group 3, died during pupal stage (larvae ecdysed into normal looking pupae and died during pupal stage) and group 4, normal adults emerged from the pupae. As shown in Fig. 1A and B, more than 95% of 3rd instar larvae and more than 85% of the 4th instar larvae treated with vehicle alone (DMSO) developed into adult stage. In contrast, about 80% of larvae treated with 0.41 ng/ml methoprene died during pupal stage. The mortality rate reached 100% in larvae treated with more than 1 ng/ml methoprene. Third instar larvae were slightly less sensitive to methoprene when compared to the 4th instar larvae. Most of the methoprene-treated larvae died during pupal stage. Some larvae treated with higher doses of methoprene died during larval-pupal ecdysis. The proportion of larvae died during larval-pupal ecdysis increased with dose of methoprene used and reached a maximum of 40% in 4th instar larvae treated with 200 ng/ml methoprene (Fig. 1B) .
To determine if there are age-related differences in the sensitivity to methoprene, staged larvae were exposed to 50 ng/ml methoprene starting at 0, 6, 12, 18, 24 h after ecdysis to the 3rd instar larval stage and 0, 6, 12, 18, 24, 30, 36, 42 and 48 h after ecdysis to the 4th instar larval stage. Eighty percent of the larvae that were exposed to methoprene starting at 48 h after ecdysis to the 4th larval stage died and almost 100% of larvae that were exposed to methoprene starting in 3rd or 4th instar larval stage died ( Fig. 1C and D) . Most of the mortality occurred during pupal stage. About 10-20% of treated larvae died during larval-pupal ecdysis depending on the age of treatment. Larvae treated prior to pharate pupal stage showed higher mortality during larval-pupal ecdysis when compared to those treated during pharate pupal stage (Fig. 1D ). Some differences in the rate of development of untreated and methoprene-treated larvae were observed, but most of the methoprene-treated larvae progressed and undergone successful ecdysis into the pupal stage and died during the pupal stage.
Methoprene interferes with degeneration of larval midgut epithelium
Midgut remodeling involves two major processes, degeneration of larval tissues and regeneration of adult tissues. To map these events under critically staged conditions, newly molted 3rd instar larvae were transferred to water containing DMSO or 50 ng/ml methoprene in DMSO and diet and reared them until their death or adult emergence. Under these conditions, more than 90% of DMSO-treated larvae developed into adults and more than 90% of methoprene-treated larvae died as pupae. There were some differences in developmental rates, but morphological markers such as white head in newly molted larvae and pupae, pigmented respiratory trumpet etc. were used to identify appropriate developmental stage.
Midguts isolated from untreated and methoprene-treated 4th instar larvae and pupae at 12 h intervals were stained with DAPI and observed under fluorescence microscope. In these midguts DAPI staining showed larval polyploidy nuclei as intensely stained large blue spots and imaginal diploid nuclei as small blue spots. Massive proliferation of imaginal diploid nuclei began in both treated and untreated larvae at the posterior end of the midgut at 36 h after ecdysis into the 4th instar larval stage (AEFL, Fig. 2A ). At the same time, 36 h AEFL, degeneration of larval polyploidy nuclei began in untreated larvae. By the time these larvae ecdysed into the pupal stage, pupae developed from untreated larvae showed mostly diploid nuclei interspersed with a few larval polyploidy nuclei throughout the midgut (Fig. 2B-C) . By 12 h after ecdysis to the pupal stage (AEPS), the polyploid nuclei completely disappeared and only diploid nuclei are seen throughout the midgut of Effect of methoprene on the development of Ae. aegypti larvae. Newly molted 3rd instar larvae (A) and 4th instar larvae (B) were exposed to methoprene (0.41-200 ng/ml) and their mortality was monitored. The data were grouped based on when the insects died; during larval stage; during larval-pupal ecdysis (larval pupal ecdysis was attempted but not completed); during pupal stage (larvae ecdysed into normal looking pupae and died during the pupal stage) and normal adults emerged from the pupae. To determine the age-related differences in the sensitivity to methoprene, staged larvae were exposed to 50 ng/ml methoprene starting at 0, 6, 12, 18, and 24 h after ecdysis to the 3rd instar larval stage (C) and 0, 6, 12, 18, 24, 30, 36, 42 and 48 h after ecdysis to the 4th instar larval stage (D). Ten larvae were used in each treatment and the treatments were replicated three times. Mean ± SDs for three independent experiments are shown. untreated pupae (Fig. 2D ). In the pupae developed from methoprene-treated larvae, the number of diploid nuclei increased during pupal stage, but there were several larval polyploid nuclei present throughout the midgut ( Fig. 2a-g ). Also, the size of the midguts in relation to width and length showed variations between methoprenetreated and untreated samples. In untreated samples, the widths of the midgut reduced considerably during and after pupation (see Fig. 2 ). This might be due to persistence of polytene larval cells even in late pupal stages. Hence it is likely that shortening of midgut coincides with the rate of removal of larval polytene cells from the midgut epithelium and differentiation of pupal cells.
To visualize degeneration of larval midgut and development of pupal/adult midgut, we cut cross-sections of midgut isolated from untreated and methoprene-treated larvae and pupae. The sections were stained with DAPI and observed under a fluorescent microscope. By 48 h AEFL, respiratory trumpets are fully pigmented and these larvae molt into the pupal stage within 3 h. Midguts isolated from both untreated and methoprene-treated larvae showed the presence of both larval midgut represented by polyploidy nuclei and pupal/adult midgut represented by diploid nuclei (Fig. 3A -F, a-f). Early signs of separation of larval midgut from the pupal/adult midgut were evident in untreated larvae but not in methoprene-treated larvae. By 3 h after pupal ecdysis, larval midgut was separated from the pupal/adult midgut in pupae developed from untreated larvae. In contrast, the pupae developed from methoprene-treated larvae showed no signs of separation of larval and pupal/adult midgut. In fact, the separation of larval midgut from pupal/adult midgut never occurred in pupae developed from methoprene-treated larvae ( Fig. 3a-f ).
Methoprene modulates expression of 20E-regulated genes
To identify genes that play critical roles in midgut remodeling, we determined the developmental profile of mRNAs of ecdysone receptors (ecdysone receptor, EcR, isoforms A and B and ultraspiracle, USP, isoforms A and B), ecdysone-inducible early genes, E75 (three isoforms A, B and C) and E74, broad complex (four isoforms Z1, Z2, Z3 and Z4), an ecdysone-inducible delayed early gene Aedes hormone receptor 3 (AHR3), ecdysone induced transcription factor, E93 and three other nuclear receptors, Aedes hormone receptor 38 (AHR38), seven-up (Aasvp) and Aaftz-f1 that are known to be involved in ecdysone signal transduction. We also analyzed expression of homolog of two caspases, DRONC and DRICE known to be involved in PCD.
In the untreated larval midguts, EcRB and USPA isoforms showed higher levels of expression when compared to EcRA and USPB isoforms (Fig. 4A) . The levels of both EcRB and USPA isoforms began to increase at 42 h AEFL and reached peak levels by 48 h AEFL. The mRNA levels of both these receptors decreased to undetectable levels by the time of larval-pupal ecdysis and these mRNAs were not detected in the midguts during pupal stage. In the larval midgut, EcRA isoform mRNA levels were 200-fold lower than that of EcRB isoform. The EcRA mRNA levels began to rise at 48 h AEFL and reached maximum levels by 51 h AEFL. The EcRA mRNA levels then decreased and showed lower levels at 3 h AEPS. The EcRA mRNA levels increased again and showed higher levels until late pupal stage. No USPB mRNA was detected in the larval midgut. The USPB mRNA levels began to increase soon after larval-pupal ecdysis and reached the maximum by 6 h AEPS and these higher levels were maintained during rest of the pupal stage (Fig. 4A) . The USPB isoform mRNA levels were 10-fold less than that of USPA isoform. Expression at higher levels and co-expression suggest that EcRB and USPA heterodimers are involved in early events of midgut remodeling that occur prior to larval-pupal ecdysis. In contrast, EcRA and USPB heterodimer are likely be involved in midgut remodeling events that occur after larval-pupal ecdysis in response to ecdysteroid peak in the early pupal stage.
In methoprene-treated larvae, the EcRB and USPA mRNA levels showed significant differences when compared to those in untreated insects. In contrast, EcRA and USPB mRNA levels did not show significant differences. In methoprene-treated larval midgut, the EcRB and USPA mRNA levels did not show a peak at the end of last instar larval stage, but started to increase at 18 h AEPS and these higher levels were maintained until the pupae died (Fig. 4A) .
All four isoforms of broad complex were detected in larval midguts of untreated 4th instar larvae. BRCZ3 and BRCZ4 isoforms showed the highest levels, BRCZ2 showed intermediate levels and BRCZ1 showed the lowest levels of mRNA (Fig. 4B) . In general, for all four isoforms, lower levels of mRNA were detected at the beginning of Fig. 2 . Whole mounts of midguts of methoprene-treated and untreated insects. Whole mounts of midguts from untreated and methoprene-treated larvae and pupae dissected at 36 h after ecdysis to the 4th instar larval stage (AEFL) and À3, 0, 12, 24, 36 and 44 h after ecdysis to the pupal stage (AEPS) are shown. The panels show nuclear staining with DAPI at different stages of midgut undergoing remodeling during larval-pupal metamorphosis. Representative areas of anterior and posterior regions of midguts are shown. Note that the larval polyploidy nuclei are large and stained intensely compared to the small diploid pupal nuclei. In the untreated panels (A-G), the larval cells are more at 36 h AEFL (A) and À3 h AEPS (B), move into the lumen by pupal ecdysis and are completely lost by 12 h AEPS (D). The pupal cells appear as early as 36 h AEFL (A), interspersed among larval cells at À3 h AEPS (B) and differentiate and form pupal/adult midgut epithelial layer by 12 h AEPS (D) after pupal ecdysis. Thereafter midgut comprises solely of pupal cells (12, 24, 36 and 44 h AEPS, D-G). In methoprene-treated midguts (a-g), larval cells are persistent even after pupal ecdysis. Though pupal cells appear at 36 h AEFL (a), their differentiation rate is slower than untreated counterparts at all stages of development. Note the larval cells are not eliminated from the midgut epithelium even at late pupal stages (36 and 44 h AEPS, f-g). The overall pattern depicts the advancement of midgut remodeling more in the posterior region than in the anterior region in both methoprene-treated and untreated insects. Scale bar, 100 lm. . Cross-sections of midguts from methoprene-treated and untreated insects. DAPI stained cross-sections (5 lm) of midguts isolated from insects that are at À3, 0, 3, 6, 9 and 12 h after ecdysis to the pupal stage are shown. Nuclear staining by DAPI indicates two types of cells, large polyploidy nuclei (white arrow) and small diploid nuclei (white arrow head). The anterior and posterior regions of midguts show marked differences in the progress of midgut remodeling. The event is more advanced in the posterior regions than in the anterior regions. Note the separation of larval cells from pupal cells at 3 h after ecdysis to the pupal stage (C) in untreated insects. The larval cells move into the midgut lumen completely by 6 h after ecdysis to the pupal stage (D) and are destroyed by 12 h (F) after ecdysis to the pupal stage. Eventually, the pupal cells differentiate as the time progresses and also the width of the midgut reduces considerably (F). In contrast, midguts isolated from methoprene-treated insects showed only subtle changes in the remodeling events throughout the course of time (a-f). The differentiation of pupal cells is observed, though less in comparison to untreated counterparts, but the separation of larval epithelium and its destruction are not completed (c-f). The width of the methoprene-treated midguts do not change (f). Scale bar, 50 lm.
4th larval stage. The mRNA levels of all four isoforms increased and reached the peak levels by 9 h AEFL and these higher levels were maintained through out final instar larval stage. The mRNA levels for all four isoforms decreased during pharate pupal stage and the mRNA for all four isoforms were not detected in the pupal midguts (Fig. 4B) . In methoprene-treated larvae, the mRNA for all four isoforms of BRC were present in the midgut at the similar levels as in control larvae. Unlike in untreated insects, in the methoprene-treated insects, the mRNA for all four isoforms of BRC continued to be expressed at higher levels in the pupal midguts until the insects died (Fig. 4B) . All three isoforms of E75 were detected in midgut cells of untreated larvae. For all three E75 isoforms, a single peak of mRNA was observed at 45-51 h AEFL (Fig. 4C) . The mRNA levels for all three isoforms decreased soon after ecdysis to the pupal stage. While E75A and E75C mRNA levels remained low during pupal stage, a single peak of E75B mRNA was detected between 3 and 24 h AEPS. In methoprene-treated larvae there was no significant difference in the expression of E75 isoforms when compared to their expression in untreated insects, except at 48-51 h AEFL, both E75A and E75C mRNA levels were low (Fig. 4C) . In untreated insects, the E74 mRNA levels showed one peak each at the end of 4th instar larval and pupal stages (Fig. 4C ). There were no significant differences in the expression pattern of E74 mRNA in methoprene-treated and untreated insects.
The mRNA for AHR3 showed one peak each in larval stage between 42 and 45 h AEFL (Fig. 4D) and pupal stage between 6 and 18 h AEPS. In methoprene-treated insects, the AHR3 expression was similar to that in untreated insects, except that the AHR3 peak in the pupal stage was delayed by 9 h. No peaks of AHR38 mRNA were detected during the larval stage. A slight increase in (Fig. 4A) ; broad complex isoforms, BR-CZ1, BR-CZ2, BR-CZ3, BR-CZ4, (Fig. 4B ) ecdysone-inducible genes AaE75 isoforms, AaE75A, AaE75B and AaE75C, and AaE74 (Fig. 4C) , early late gene AHR3, late genes AHR38, AaFTZ-F1 and AaSvp (Fig. 4D ) and E93, caspases DRONC and DRICE (Fig. 4E) were monitored in methoprene-treated and untreated Ae. aegypti. At the top of each panel ecdysteroid levels during the final instar larval and pupal stages are shown. Newly molted 4th instar larvae were collected and sampled every 3 h until pupation. Newly molted pupae were collected and sampled every 3 h until adult emergence. Third instar larvae were transferred to diet containing 50 ng/ml methoprene. The pharate pupae that showed tanned respiratory trumpets and the pharate pupae 3 h after showing respiratory trumpets were collected during the final larval stage. Newly molted methoprene-treated pupae were separated and sampled every 3 h until 36 h after pupal ecdysis. By this time most of the methoprene-treated pupae died. For each time point RNA was isolated from 15 larval or 30 pupal midguts. The levels of mRNA was quantified by real-time PCR using SYBR green I for detection. Expression levels were normalized using S7RP ribosomal RNA as a standard. Relative expression was calculated based on the expression of S7RP gene as a standard. Mean ± SE for three independently staged sets of larvae and pupae are shown. Lines with closed diamonds indicate untreated samples and lines with open squares denote methoprene-treated samples. AHR38 mRNA levels was observed during pupal stage between 6 and 18 h AEPS (Fig. 4D) . In methoprene-treated insects, low levels of AHR38 mRNA were detected in the midguts isolated from larvae as well as pupae. No peaks of mRNA were detected (Fig. 4D ). Low levels of AaSvp mRNA were detected in the midguts of 4th instar larvae and pupae. There were some fluctuations in the mRNA levels of AaSvp during larval and pupal stages (Fig. 4D) . Two small peaks were observed during the 4th instar larval stage and three peaks were observed during pupal stage. However, due to extremely low levels of mRNA and high standard deviation, it was difficult to determine whether these peaks are due to experimental variation. The AaSvp mRNA levels remained low during larval and pupal stages expect for a small rise at 33 h AEPS in methoprene-treated insects (Fig. 4D) . The mRNA levels for ftz-f1 showed one peak each during pharate pupal and pharate adult stages. In methoprene-treated larvae, the increase in ftz-f1 expression was delayed until mid-pupal stage (Fig. 4D) . The mRNA levels of E93 showed a single peak at the end of the 4th instar larval stage (Fig. 4E) . The levels were lower at the beginning of the pupal stage and showed an increase at the end of the pupal stage. In methoprene-treated insects, E93 mRNA levels were lower at the end of 4th instar larval stage when compared to the levels in untreated insects. The levels increased in methoprene-treated insects by mid-pupal stage. The mRNA for caspases, DRONC and DRICE showed a single peak at the end of 4th instar larval stage (Fig. 4E) . The mRNA levels decreased soon after ecdysis to the pupal stage and remained low during pupal stage. In methoprene-treated larvae, the mRNA levels of caspases DRONC and DRICE were lower when compared to those in untreated larvae. The DRONC and DRICE mRNA levels continued to increase in the midguts of methoprene-treated larvae and higher levels of these mRNA were detected in the midguts of pupae developed from methoprene-treated larvae when compared to those in the midguts of pupae developed from untreated larvae (Fig. 4E) .
Methoprene-treated larvae initiate PCD of larval midgut cells
As shown in Fig. 2 , the degeneration of midgut is not completed in pupae developed from methoprene-treated larvae. However, mRNA expression studies showed that caspases involved in PCD are expressed in pupae developed from methoprene-treated larvae. To determine whether or not PCD is initiated in methoprene-treated larvae, we performed TUNEL assay. In untreated larvae, the cells labeled with fluorescent dUTP indicating the presence of fragmented DNA and PCD appeared at 36 h AEFL (Fig. 5B) . In untreated larvae, the number of fluorescent cells increased until pupal ecdysis, and then they decreased by 3 h AEPS. Thus, in untreated Ae. aegypti fragmentation of DNA in midgut cells was initiated by 36 h AEFL and completed by 3 h AEPS. In methoprene-treated larvae, the appearance of fluorescent cells in the midgut was delayed until pupal ecdysis (Fig. 5a ). In these larvae, the number of fluorescent cells continued to increase until they died during the pupal stage. Many fluorescent midgut cells were observed ever at 24 h AEPS. These data showed that DNA fragmentation and PCD were initiated in methoprene-treated larvae but the degeneration of larval midgut was not completed. As a result the pupae developed from methoprene-treated larvae had both larval and pupal/adult midgut epithelial layers and died at this stage.
Discussion
The data presented here clearly showed that the Ae. aegypti larvae treated with methoprene undergo metamorphosis and die during the pupal stage irrespective of time of application of methoprene. These results confirm previous observations in Culex pipiens and An. stephensi (Georghiou and Lin, 1974; Raj et al., 1978) . Methoprenetreated larvae develop and undergo ecdysis into the pupal stage and these pupae showed external morphology similar to the pupae developed from untreated larvae. However, the midguts of pupae developed from methoprene-treated larvae are quite different from the midguts in pupae developed from untreated larvae (Fig. 6) . However, these effects of methoprene seen in mosquitoes are quite different from those observed in lepidopteran insects. In lepidopteran insects such as M. sexta, application of methoprene prior to commitment peak of ecdysteroids induces extra larval molt and application of methoprene after commitment peak of ecdysteroids results in formation of larval-pupal intermediates. Unlike lepidopteran insects, in Ae. aegypti methoprene does not appear to interfere with physiological events such as commitment that occur during last instar larval stage. This is somewhat similar to what happens in higher dipterans such as D. melanogaster. The epidermis of lepidopteran insects produces sequentially larval, pupal and adult cuticles, and exogenously applied JH can prevent these metamorphoses (Riddiford et al., 1990) . In contrast, pupal epidermis (except for the abdominal region) of D. melanogaster and other higher dipteran insects is derived from imaginal discs and application of JH cannot prevent metamorphosis even when administered throughout larval life (Riddiford and Ashburner, 1991) . However, JH application during the final larval instar or prepupal period prevents normal differentiation of abdominal epidermis, cells of which arise from the proliferation of histoblasts. In mosquitoes, a continuous population of cells in the abdomen produces the cuticle of all three stages, the epidermal cells are polyploid in larval stages and reductional division occurs in the pupa (Risler, 1959) . In addition, Lan and Grier (2004) found that while the JH analog methoprene induced a developmental delay in Ae. aegypti (as in M. sexta), it did not affect the timing or levels of EcR expression associated with the ecdysteroid commitment peak (unlike the condition in M. sexta). Therefore, the productions of larval, pupal and adult cuticle as well as the hormonal regulation of these events differ in mosquitoes, flies and moths. Genes involved in 20E action, EcR, USP, ftz-f1, brc, E74 and E93 have been implicated in the regulation of PCD in salivary glands and midgut of D. melanogaster (Jiang et al., 2000; Baehrecke, 2000, 2001; Lee et al., 2002a Lee et al., ,b, 2003 Cakouros et al., 2002 Cakouros et al., , 2004 Kumar and Cakouros, 2004) . Therefore, we monitored the mRNA levels for selected genes known to be involved in 20E action and midgut remodeling in methoprene-treated and untreated insects. The Br gene is expressed in the midgut during the last instar larval stage but not in pupal stage of untreated Ae. aegypti. In contrast, in treated insects the mRNA for all four isoforms of BR-C were present at lower levels in the midguts isolated from last instar larval stage and moreover, these mRNAs are detected in the midguts isolated from pupae developed from methoprene-treated larvae. This is somewhat similar to the observations in M. sexta and D. melanogaster where application of JH analog at the onset of adult molt cause re-expression of brc and formation of second pupal cuticle suggesting that brc gene plays key role in metamorphosis (Zhou and Riddiford, 2002) . Also, according to the Ashburner model, ecdysone induces the expression of early genes. The early genes should repress their own expression and induce the expression of many late genes. In our study, in the untreated insects, the expression of early gene, brc was decreased by pharate pupal stage. This decrease in brc expression probably allows a rise in expression of downstream late genes such as dronc and drice involved in PCD. In methoprene-treated insects, the brc expression was high at pharate pupal stage and continued into the pupal stage resulting in block in rise in the expression levels of late genes such as dronc and drice during pharate pupal stage. Thus, methoprene may be interfering in midgut remodeling by modulating the expression of some key genes involved in 20E signal transduction.
As summarized in Fig. 7A , mRNAs for EcRB, USPA. FTZ-F1, E93, DRONC and DRICE showed peaks in the midguts isolated from larvae at the end of final instar larval stage. However, in the methoprene-treated insects, the increase in mRNA levels for these genes at the end of last larval stage was reduced and an additional peak of mRNA for all these genes was detected at 30-36 h AEPS. E75A, E75B and HR3 showed a decrease in the levels of their mRNA in methoprene-treated insects when compared to those in untreated insect that are at the end of last instar larval stage. E75C and E74 showed a peak at À6 to À3 h AEPS in methoprene-treated insects. Exposure of 5th instar epidermis of M. sexta to 20E in the presence of JH caused an increased accumulation of E75 mRNA (Zhou et al., 1998) . Hence it is likely that presence of methoprene increases the expression levels of some isoforms of E75 and E74 during midgut remodeling in Ae. aegypti. The USPB mRNA was not detected in the midguts isolated from both methoprene-treated and untreated larvae. However, no significant differences were observed in the mRNA levels of EcRA, USPB, E75A, E75B, E75C, E74 and HR3 in midguts isolated from pupae developed from both methoprene-treated and untreated larvae. Thus, significant changes in the expression pattern especially during the pupal stage of methoprene-treated Ae. aegypti were observed for seven genes, EcRB, USPA, brc, E93, ftz-f1, dronc and drice that are shown to play key roles in both 20E action and midgut PCD in D. melanogaster (Baehrecke, 2003; Kumar and Cakouros, 2004) . One simple interpretation of the differences observed in the mRNA levels between treated and untreated insects is that the mRNAs synthesized in the larval midgut cells persisted in the methoprene-treated insects even after metamorphosis into the pupal stage and they are responsible for the higher levels of BR-C, EcRB, USPA. FTZ-F1, E93, DRONC and DRICE mRNA observed in the treated insects. However, the effect of methoprene on the expression pattern of all the genes studied is not the same. For example, E75A and E75C mRNA levels reached a peak at the end of larval stage in untreated insects but these mRNA were not detected in the midguts isolated from the pupae developed from methoprene-treated larvae. Therefore, persistence of mRNA in the larval midgut cells is not solely responsible for the changes in mRNA levels observed between treated and untreated insects. It is likely that the differences in the rates of transcription and/or halflife of mRNAs for these genes are responsible for the observed differences in the mRNA levels. Further experiments need to be conducted to determine whether it is the rate of transcription or the half-life of mRNAs that is responsible for the observed changes in mRNA levels. In D. melanogaster, 20E was shown to induce PCD in both salivary glands and midgut by inducing the expression of death effector genes, reaper and head involution, and at the same time suppressing the anti-cell death gene diap2 (Jiang et al., 1997) . Analysis of midgut cell differentiation and cell death using D. melanogaster mutants showed that BR-C and E93 affected midgut cell death but not differentiation. Moreover, the expression of cell death effector genes such as dronc was changed in BR-C and E93 mutants suggesting that these two genes play critical roles in 20E induced cell death (Lee et al., 2002a) . EcR, BR-C and E93 are required for proper expression of caspase DRONC (Cakouros et al., 2002 and DRONC in turn is essential for PCD of larval midgut cells (Waldhuber et al., 2005) . PCD is controlled at the level of transcription and the cell death machinery is regulated by the intracellular levels of the pro-and anti-death factors . Caspases execute the PCD by cleaving proteins in dying cells. The conserved signaling network of caspase activation and the proteins involved are studied extensively in Caenorhabditis elegans, mammals and D. melanogaster. Of the seven caspases identified in D. melanogaster, the role of DRONC (CED3/capsase-9 like initiator caspase) and DRICE (caspase-3 like effector caspase) in hormone-dependent apoptosis in cells and tissues like salivary glands and midguts is studied well (Kilpatrick et al., 2004; Cakouros et al., 2004) . Although, we studied only DRONC and DRICE expression in Ae. aegypti, we were able to identify homologues of all seven caspases in Anopheles gambia and Ae. aegypti genome databases. Detailed studies on other caspases is in progress. Only two caspases have been reported from lepidopteran insects, of which caspase-1 has been studied in more detail (Liu et al., 2005) .
It is interesting to note that the expression of caspases like DRICE and DRONC was delayed till 30-36 h AEPS in methoprene-treated insects when compared to their expression in untreated insects. Cakouros et al. (2004) reported that EcRB-USP heterodimer directly binds to promoter regions of DRONC and activate its expression in D. melanogaster cells. In our study, expression of both EcRB and USPA is delayed until late pupal stages in methoprene-treated insects suggesting that in Ae. aegypti EcRB-USPA heterodimer regulates the expression of DRONC and DRICE. Further analyses are needed to confirm this observation. Also, as discussed earlier, methoprene also prolonged the expression of early gene, Brc well into pupal stages, presence of BR-C mRNA might have also delayed the expression of these caspases. Though the expression of DRONC and DRICE are delayed until 30-36 h AEPS in methoprene-treated insects, we did observe TUNEL positive cells in methoprene-treated midguts during early-mid pupal stages. This indicates the possible involvement of other initiator caspases like DCP-2/DREDD or Stream/Decay which are already reported to play a role in D. melanogaster midgut remodeling (Waldhuber et al., 2005) .
From the TUNEL assay, it is evident that PCD is initiated in larval midgut tissues but the terminal events for separation of larval gut from the basement membrane are blocked. Because expression of DRONC and DRICE is induced during pupal stage in methoprene-treated insects, delayed expression of DRONC and DRICE are probably not responsible for the failure of larval midgut epithelium separating form the pupal epithelium. It is possible that methoprene may interefere in the process of activation of DRONC and/or DRICE. It is also possible that other caspases/proteases that act down stream to DRONC and DRICE are involved in separation of two midgut epithelial layers and methoprene down regulates and/or delays the expression of these genes. Further experiments are needed to test these hypotheses. Human caspase 3 antibodies cross-react with homologous proteins from insects, D. melanogaster and Heliothis virescens (unpublished results from our laboratory). We expects that these antibodies will work in mosquitoes also and they will be used to test if methoprene intereferes in activation of caspases.
Taken together, previous studies and the data reported here suggest that EcRB and USPA heterodimer induces the expression of brc and E93 and these 20E-induced genes in turn regulate the expression of caspases such as dronc, drice and other genes involved in execution of the death of larval midgut and formation of adult midgut (Fig. 7B) . In methoprene-treated insects, reduced expression of EcRB and USPA during pharate pupal stage and their persistent expression during the pupal stage lead to changes in the expression of brc and E93 as well as caspases (dronc, drice and others) and other genes involved in PCD of larval midgut cells and formation of adult midgut resulting in derailment of these developmental process and eventual death of insect. The data presented here showed that the juvenile hormone analog, methoprene kills Ae. aegypti by interfering with 20E-regulated destruction of larval midgut. The methoprene appears to be acting by changing the levels as well as stage-specific regulation of 20E-regulated genes involved in midgut remodeling. The cross-talk between these two major hormones, 20E and JH that is currently under investigation should help in understanding the hormonal regulation of midgut remodeling.
Methods
Mosquito rearing and staging
Aedes aegypti larvae were reared under a photoperiodic regime of 16:8 (L:D), 27 ± 1°C temperature and at a density of 1 larva/ml in bovine liver powder solution (MP Biochemicals, LLC, Aurora, OH). Newly molted IV instar larvae were collected and cohorts of larvae molting within a 30 min span of time were reared in separate pans. From these staged newly molted larvae, samples were collected every 3 h until pupal molt occurred. For staging pupa, white pupae molted within a period of 30 min were collected and staged every three hr there after.
Under the rearing conditions mentioned above, larval and pupal stages were completed in 7 days. First three larval stages last for almost same time i.e., 18-24 h and the final (4th) instar larval stage lasts for 48-51 h. Pupal stage lasted for 48 h. Larval instars can be distinguished based on head capsule width, larval length and width of the thorax (Christophers, 1960) . Within each instar, larvae were staged based on the relative sizes of their head capsule, respiratory siphon and lateral hairs (Christophers, 1960) . While the un-tanned head (white head) character was used to distinguish newly molted larva and pupa, the developing pupal respiratory trumpets were used to stage final instar larva during pharate pupal stage (Nishiura, 2002) .
Methoprene treatment
Methoprene (isopropyl (E,E)-(RS)-11-methoxy-3,7,11-trimethyldodeca-2,4-dienoate) was a gift from Wellmark International (Dallas, TX). Technical grade methoprene was dissolved in DMSO at 1000· concentration and added to diet at 1 ll/ml. All untreated controls received 1 ll/ml DMSO.
Preparation of whole-mount and cross-section of midguts for staining
The midguts were dissected in 1· PBS (phosphate-buffered saline) and fixed in 4% paraformaldehyde overnight at 4°C. After fixation and washing in PBS twice, the midguts were stained with DAPI (4 0 ,6-diamidino-2 phenyl indole, Sigma chemical Co., St. Louis, MO) at a concentration of 1.5 lg/ml for 5 min. The specimens were washed with 1· PBS twice, mounted in 50% Glycerol and photographed on an Axioplan 2 microscope (Carl Zeiss MicroImaging Inc. Thornwood, NY) equipped with AxioCam MRC 5 using Axiovision 4.0 software.
For cross-sections, fixed midguts were dehydrated through a series of grades of ethanol -PBS, infiltrated through a series of grades of Xylene, Citrisolv (Fischer) -ethanol and finally embedded in three successive baths of Paraplast Plus (56°C, Tyco Healthcare). Paraffin sections were cut (5 lm thick, room temperature) using microtome (Leica RM 2135, Germany), mounted on poly-L-lysinated slides and dried at 42°C overnight. The sections were rehydrated through successive baths of xylene, serial grades of ethanol, water and 1· PBS. Nuclear staining was done with DAPI at 1:1000 dilution of 1 mg/ml stock for 10 min. The slides were washed with 1· PBS twice and mounted with 50% glycerol. The sections were observed and photographed on an Axioplan 2 microscope (Carl Zeiss MicroImaging Inc., Thornwood, NY) equipped with AxioCam MRC 5 using Axiovision 4.0 software.
RNA isolation and cDNA synthesis
Midguts from staged larvae and pupae were dissected into phosphatebuffered saline (PBS) treated with DEPC. About 15 larval or 30 pupal midguts were pooled and collected in TRI reagent (Molecular Research Center Inc., Cincinnati, OH) for each time point. The midguts were homogenized in TRI reagent and the RNA was isolated according to the manufacturer's instructions. Total RNA concentration and purity were assessed using Genequant (Pharmacia, Piscataway, NJ). Total RNA volume equivalent to 10 lg was treated with DNase I (Ambion, Austin, TX) in a 50 ll total reaction volume following the manufacturer's protocol. cDNA synthesis by reverse transcription was performed using 2 lg of DNase I treated RNA and iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA) in a 40 ll reaction volume.
Quantitative real-time reverse transcriptase polymerase chain reaction (QRT-PCR)
Relative expression of selected genes was assessed by QRT-PCR using MyiQ single color real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA). QRT-PCR was performed in a total reaction volume of 20 ll reaction containing 1 ll of cDNA, 1 ll each of forward and reverse sequence specific primers [stock 10 lM, Table 1 and (Margam et al., 2006 )], 7 ll of H 2 O and 10 ll of supermix (Bio-Rad Laboratories, Hercules, CA). All the QRT-PCRs were done using the common program as follows. Initial incubation of 95°C for 3 min was followed by 45 cycles of 95°C for 10 s, 60°C for 20 s, 72°C for 30 s. At the end of each cycle, a fluorescence reading determined the extent of amplification.
Standard curves were obtained using a two fold serial dilution of pooled cDNA from all the stages. Specific primers for Ae. aegypti ribosomal protein subunit S7RP were used as internal control. For all the candidate genes, the quantities of the mRNA expression relative to S7RP were obtained. Both the PCR efficiency and R2 (correlation coefficient) value are taken into account prior to estimating the relative quantities. Mean and Standard errors for each time point were obtained from the averages of three independent sample sets.
TUNEL assay
Sections of midgut isolated from different developmental stages of normal and methoprene-treated individuals were taken as described above. The TUNEL assay was carried out using In Situ Cell Death Detection Kit, Flourescein (Roche) as per the instruction manual with the following modification. For permeabilization, freshly made 0.3% Triton X-100, 0.1% sodium citrate solution was used without Proteinase K treatment. The sections were permeabilized for 10 min and exposed to TUNEL reaction mix- ture (50 ll/slide) for 60 min at 37°C. Nuclear staining and mounting was done as mentioned above and the sections were visualized under a Leica's Leitz DMR confocal microscope (Leica RM 2135, Germany).
